Edible bird's nest (EBN) is used traditionally in many parts of Asia to improve wellbeing, but there are limited studies on its efficacy. We explored the potential use of EBN for prevention of high fat diet-(HFD-) induced insulin resistance in rats. HFD was given to rats with or without simvastatin or EBN for 12 weeks. During the intervention period, weight measurements were recorded weekly. Blood samples were collected at the end of the intervention and oral glucose tolerance test conducted, after which the rats were sacrificed and their liver and adipose tissues collected for further studies. Serum adiponectin, leptin, F2-isoprostane, insulin, and lipid profile were estimated, and homeostatic model assessment of insulin resistance computed. Effects of the different interventions on transcriptional regulation of insulin signaling genes were also evaluated. The results showed that HFD worsened metabolic indices and induced insulin resistance partly through transcriptional regulation of the insulin signaling genes. Additionally, simvastatin was able to prevent hypercholesterolemia but promoted insulin resistance similar to HFD. EBN, on the other hand, prevented the worsening of metabolic indices and transcriptional changes in insulin signaling genes due to HFD. The results suggest that EBN may be used as functional food to prevent insulin resistance.
Introduction
The growing burden of cardiometabolic diseases, even in the face of increasing advances in medical sciences, is the driving factor behind the heightened interest in alternative therapies in the management of these diseases and associated problems [1, 2] . Additionally, rising obesity rates globally due to unhealthy lifestyle factors promote these rising disease trends; obesity promotes insulin resistance and eventually cardiometabolic diseases [3] . In fact, it is estimated that if persons at risk of insulin resistance and cardiometabolic diseases are accurately determined using sensitive diagnostic techniques, the numbers of those needing interventions to manage their conditions would be much higher than established figures [4] . There are different theories used to hypothesize the underlying mechanisms involved in the progression from obesity to insulin resistance and cardiometabolic diseases. Popularly, excess calories are thought to promote deposition of visceral fat around organs, with consequent changes in the adipose tissue metabolism in the body, and ultimately increase in insulin resistance especially in liver, as a result of glucolipotoxicity [5] . The ensuing insulin resistance causes disruption in the propagation of insulin signals on insulinresponsive cells. In fact, the perceived role of this phenomenon is the reason why therapeutic approaches to the management of insulin resistance and other associated cardiometabolic diseases involve the use of agents that promote insulin signaling. Edible bird's nest (EBN) is traditionally consumed among Asians for its nutritional value. It is believed to enhance energy levels, prevent aging, and improve overall well-being. Furthermore, there are scientific reports of its antioxidative, anti-inflammatory, and bone-strengthening effects [6] [7] [8] [9] . However, its effects on insulin resistance and cardiometabolic indices have not been documented. In view of the large patronage of EBN by Asians, especially of Chinese origin [10] , we decided to evaluate the effects of EBN consumption on cardiometabolic indices in high fat diet-(HFD-) fed rats. Based on the anti-inflammatory and antioxidant effects of EBN, we assumed it would have favorable effects on cardiometabolic indices, since both effects have been reported to favor insulin sensitivity. As the first study of its kind, we hypothesized that the results could provide the evidence for continued use of EBN as a supplement and may even pave way for evidence-based development of functional foods and nutraceuticals using EBN for managing cardiometabolic diseases. ∘ C, 12/12 h light/dark cycle) and allowed to acclimatize for 2 weeks with free access to normal pellet and water. After acclimatization, rats were fed HFD containing 4.5% cholesterol and 0.5% cholic acid with or without treatment using simvastatin or EBN (Table 1) , except the normal group ( = 6). Intervention lasted for another 12 weeks, after which rats were sacrificed and their organs harvested for further studies. Additionally, blood samples were collected at the end of the intervention for biochemical analyses.
Materials and Methods

Food Intake and Weight.
Food intake was calculated by subtracting the leftover food from what was added the previous day. Weight was recorded after acclimatization and weekly thereafter until sacrifice.
Biochemical Analyses.
Lipid profile analyses were performed using serum from blood collected at the beginning and end of the study by cardiac puncture after an overnight fast. Samples were analyzed using Randox analytical kits according to manufacturer's instructions using a Selectra XL (Table 2) on GenomeLab eXpress Profiler software. In addition to the genes of interest, primers were also designed for housekeeping genes, while the internal control (Kanr) was supplied by Beckman Coulter Inc. Primers were tagged with an 18-nucleotide universal forward and 19-nucleotide universal reverse sequence, respectively. Primers were supplied by Integrated DNA Technologies (Singapore) and reconstituted in RNAse free water.
RNA Extraction, Reverse
Transcription, and PCR. RNA was extracted from liver and adipose tissues using the total RNA isolation kit (RBC Biotech Corp., Taipei, Taiwan) according to the manufacturer's instructions. Reverse transcription (20 ng) and PCR were done according to the GenomeLab GeXP Start Kit protocol (Beckman Coulter, USA), using the conditions shown in Table 3 .
GeXP Genetic Analysis System and Multiplex Data
Analysis. PCR products (1 uL) were mixed with 38.5 L sample loading solution and 0.5 L DNA size standard 400 (GenomeLab GeXP Start Kit; Beckman Coulter, Inc, USA) on a 96-well sample plate and loaded on the GeXP genomelab genetic analysis system (Beckman Coulter, Inc, Miami, FL, USA), which separates PCR products based on size by capillary gel electrophoresis. Figure 1 shows a representative electropherogram. Results were analyzed with the Fragment Analysis module of the GeXP system software and normalized on the eXpress Profiler software.
Data Analysis.
The means ± standard deviations ( = 6) of the groups were used for the analyses. One-way analysis of variance (ANOVA) was performed using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA) to assess the level of significance of differences between means with a cutoff of < 0.05.
Results and Discussions
Proximate and Bioactive Analyses.
The proximate analysis of EBN showed that it contained mostly protein and carbohydrates (Table 3) , in agreement with previous findings [10] . Additionally, it contained a significant amount of SA (11%) as bioactive, with lesser amounts of LF (1%) and OVF (0.4%). Previous reports have indicated that EBN is bioactive-rich [10] , and it is likely that food synergy plays role in its overall effects [14] . The presence of any one bioactive compound may not explain the bioactivity of EBN, but the concentration of the leading bioactive compounds like SA may have an influence to a great extent, albeit with the contribution of other bioactives. Moreover, SA, LF, and OVF have all been reported to have varying functional effects [15, 16] , and their synergism may even produce better. This is similar to the concept of bioactive-rich fraction we have advocated for recently, in which a lead bioactive compound in an extract produces better bioactivity in the presence of other bioactive compounds [17] . Therefore, in view of recent advocacy for the study of foods but not their individual constituents as the functional unit of nutrition [18] , we decided to study the bioactivity of EBN as a whole. Figure 2 shows the changes in body weights of rats over 12 weeks of intervention. No statistically significant changes were observed but the changes in HFDfed (untreated control) group (50% increase) were higher, in comparison with normal (47%), simvastatin (40%), 2.5% EBN (45%), and 20% EBN (43%) groups. Interestingly, as Table 2 : Names, accession number, and primer sequences used in the study. shown in Table 3 , calorie intake for the different groups was similar over the intervention period. The results indicated therefore that EBN had some weight-modulating properties, although the weight gain was lowest for simvastatin-treated group. Moreover, simvastatin is reported to have some weight reducing properties [19] .
Weight Changes.
OGTT, Insulin, HOMA-IR, and Lipid Profile.
Serum insulin levels at the end of intervention were not remarkably different between the groups except for the 2.5% EBN group, which was significantly lower ( < 0.05) than others (Table 4) . However, absolute insulin levels may not reflect the state of the underlying insulin responsiveness since insulin resistance often starts with high insulin levels and ends up with lower levels. Therefore, we computed the HOMA-IR as a marker of insulin resistance that combines insulin levels and fasting glucose levels. The data showed that untreated control and simvastatin groups had a tendency to cause insulin resistance. This mirrors earlier findings on the effects of HFD feeding [20] and simvastatin [21] on development of insulin resistance. EBN groups had lower HOMA-IR values in comparison with other groups, although not significantly different from normal (both EBN groups) and untreated control (20% EBN group) groups.
The cholesterol levels in the untreated control group were significantly increased in comparison with the normal group (Table 4) . Moreover, worsening of lipid profile has been associated with insulin resistance [22] . The total cholesterol was significantly reduced by simvastatin and 20% EBN group ( < 0.05). As seen from other cholesterol indices in the table, simvastatin, which is used to manage hypercholesterolaemia was able to improve lipid profile but not as well as 20% EBN treatment. Furthermore, Figure 3 shows the OGTT results for the intervention groups. The glycemic response for the diabetic untreated group was higher than other groups ( < 0.05), while the normal and EBN groups were the lowest and significantly lower than simvastatin treated group ( < 0.05). Insulin regulates a number of metabolic changes in the body and derangements in its actions even before insulin resistance becomes overt can be detected using the OGTT. This is because the OGTT gives an indication of how a biological system will respond in the presence of glucose and indicates how well the postglucose insulin surge handles the glycemic load received in the blood stream [23] . In this study, the data showed that untreated control and simvastatin groups did not handle the glucose load in a manner befitting the levels of insulin observed in the serum. Therefore, in spite of the lack of difference in insulin levels between the groups, the OGTT data showed that the untreated control and simvastatintreated groups will have abnormal glycemic responses compared with the normal and EBN groups because their bodies were tending towards insulin resistance. Figure 4 shows the results for the serum levels of adiponectin, leptin, and F2-isoprostane. The results suggested worsened metabolic indices (increased leptin and F2-isoprostane and decreased adiponectin) in the untreated control group in comparison with the normal group. The EBN groups showed dose-dependent improvements (decreased leptin and F2-isoprostane and increased adiponectin) in the metabolic indices although only 20% EBN group was significantly better than the untreated control group. Adiponectin and leptin are adipokines that have an inverse relationship and have both been implicated in the development of insulin resistance. Low levels of adiponectin and high levels of leptin are indicative of a tendency for insulin resistance, while interventions that reverse these trends are reported to improve insulin sensitivity [24] . Furthermore, F2-isoprostane is a marker of oxidative stress, which is also linked with insulin resistance [25] . In fact, oxidative stress is hypothesized to precede insulin resistance [26] , while antioxidants and interventions that lower oxidative stress levels are thought to improve insulin sensitivity [27] . Based on the trends observed in the present study, therefore, it can be argued that EBN prevented HFD-induced insulin resistance in rats, partly through its ability to reduce oxidative stress.
Serum Adiponectin, Leptin, and F2-Isoprostane.
Hepatic and Adipose Tissue mRNA Levels of Insulin
Signaling Genes. The data thus far indicated that EBN is able to prevent insulin resistance in rats fed HFD over 12 weeks. Additionally, the data showed that although simvastatin is able to produce lower levels of cholesterol, it, in fact, increases insulin resistance, in agreement with previous reports [21] . Based on the fact that insulin levels were similar between the groups in this study, but there were significant differences in insulin sensitivity, we hypothesized that changes in insulin sensitivity may have been mediated at insulin signaling level. We, therefore, determined the effects of our interventions on transcriptional regulation of insulin signaling genes (Table 2) in hepatic and adipose tissues.
The expressions of the insulin signaling genes in hepatic and adipose tissues were characteristic of insulin resistance in the untreated control group; downregulation of the insulin receptor (Insr), insulin receptor substrate (IRS) 2, and phosphoinositide-3-kinase (PI3K) observed in the liver and adipose tissues in this group are suggestive of insulin resistance ( Figure 5 ) [28] [29] [30] . Activation of Insr by insulin will normally initiate a cascade that involves activation of IRS and eventually PI3K, which mediate the intracellular actions of insulin. Transcriptional disruption of this insulin-initiated cascade forms part of the basis for obesity-induced insulin resistance [31] . Additionally, upregulation of mitogen-activated protein kinase (MAPK) [32] and inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta (Ikbkb) [33] and downregulation of mammalian target of rapamycin (mTOR) [34] and protein kinase C, zeta (Prkcz) [35] , as seen with the untreated control group (Figure 6 ) are thought to promote phosphorylation of IRS with consequent increase in insulin resistance due to disruption of IRS-mediated insulin action via activation of PI3K [28, 30] . Intervention with EBN upregulated the expression of Insr, IRS2 and PI3K in both liver and adipose tissues, but the difference was only significant for IRS2 in the liver and PI3K in the adipose tissue ( Figure 5 ). These, however, suggest that EBN prevented HFD-induced insulin resistance through transcriptional regulation of insulin signaling genes. Moreover, EBN upregulated mTOR and Prkcz in the liver and adipose tissue but only caused downregulation of MAPK and Ikbkb in the liver indicating that the transcriptional changes induced by EBN had differential effects on insulin signaling genes in liver and adipose. Therefore, slightly different mechanisms may be involved in its enhanced insulin signaling in different tissues.
The activities of glucokinase (Gck) and pyruvate kinase (Pk) are affected in insulin resistance, decreasing the chances of intracellular glucose phosphorylation and its commitment to glycolysis [36] . In the adipose and liver tissues of untreated control group, we observed downregulation of the Gck and Pk genes, in line with increased insulin resistance (Figure 7 ). The levels of these genes are believed to directly influence the levels of cellular adenosine triphosphate (ATP) and consequently the activity of the potassium inwardly rectifying channel, subfamily J, member 11 (KCNJ11) gene, which regulates the ion channels involved in glucose sensing [37] . In this study, we observed downregulation of the KCNJ11 gene in both liver and adipose tissues, suggesting that the changes in Gck and Pk expression may have affected its expression through their effects on cellular ATP levels. EBN intervention was able to upregulate expressions of Gck, Pk, and KCNJ11 in both liver and adipose tissues.
Based on the patterns of expression in the liver and adipose tissues, we propose that EBN may be exerting its effect on insulin sensitivity through increased expression and likely activity of several genes involved in the insulin signaling pathway in the liver and adipose tissues (Figure 8 ). Although simvastatin is able to lower cholesterol levels (Table 4) , its effects on insulin signaling genes ( Figures 5, 6 , and 7) tended towards insulin resistance, in agreement with previous reports. Liver and adipose tissues are involved in development of insulin resistance, and in fact they have been proposed to be the organs from where the problem is initiated. Therefore, the enhanced sensitivity of insulin in these tissues suggests that EBN is effective at preventing insulin resistance. Furthermore, we hypothesize that synergism of multiple bioactives in EBN is contributing to the overall bioactivity observed.
Conclusions
In this study, we demonstrated that HFD will induce insulin resistance (higher OGTT, leptin and F2-isoprostane, and lower adiponectin levels), partly through transcriptional modulation of insulin signaling genes. Additionally, simvastatin was shown to further promote insulin resistance. EBN however is able to prevent insulin resistance by preventing some of the transcriptional changes on insulin signaling genes induced by HFD. There is need to further evaluate the potential use of EBN in the management of insulin resistance in already established insulin-resistant conditions.
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